We experimentally demonstrated the ability of three short-lived monocarpic species to vegetatively regenerate (resprout) from roots after severe disturbance. We assessed the relationship between resprouting ability and (1) timing of injury with respect to life-cycle stage (reproductive vs. vegetative plant), life-history mode (annual vs. winter annual) and phenological stage (flowering vs. fruiting plant), (2) nutrient availability, and (3) disturbance severity (removal of all axillary buds Yes/No).
INTRODUCTION
Disturbance provides areas of bare soil, where competitively less efficient species (i.e., annuals, biennials and short-lived perennials) are able to germinate, grow and survive (HARPER 1977 , K.LEMOW & RAYNAL 1983 , LOFGREN et al. 2000 , GRIME 2001 . However, disturbance is also the most significant factor causing early mortality in these species. Population survival of annual and biennial species depends only on their ability to produce numerous seeds (HARPER 1977 , CRAWLEY 1986 , VAN DER MEIJDEN et al. 1992 , GRIME 2001 . Nevertheless, some studies (IRMISCH 1857 , WITTROCK 1884 , RAUH 1937 , KOCVAROVA 2002 , KLIME~OV,~ 2003 suggest a possibility of vegetative regeneration (resprouting) after severe disturbance in some short-lived species. Severe injury to plants may not be fatal in about 2% of annnal species and 14% of the biennials in Central European flora, because they are able to form de novo adventitious buds on roots (KLIME~OVA 2003) . This ability enables them to rebuild the plant body and complete the reproductive cycle, i.e., to produce seeds (DUBARD 1903 , RAUH 1937 . Regenerated individuals can postpone flowering and fruiting to the next vegetation season, or they do not die after seed production and flower more than once ( VAN TOOREN et al. 1987 , HAUTEKEETE et al. 2002 , KLIMEgOVA 2003 .
The presently available information on root sprouting in short-lived monocarpic species is scarce and comes mostly from descriptive and morphological literature (e.g. DUBARD t903, RAUH 1937 , KLIMEgOVA 2003 ; hence a need to perform manipulative experiments is evident. For this study, we chose the biennial species Oenothera biennis with its already mentioned resprouting ability (DUBARD 1903 , RAUH 1937 , its relative Oenothera issleri and the annual species Rorippa palustris, both being able to resprout in the field (KLIMEgOVA 2003) . The effect of three factors on the resprouting ability was examined.
(1) Timing of injury with respect to life-cycle stage (reproductive vs. vegetative plant), life-history mode (annual vs. winter annual) and phenological stage (flowering vs. fruiting plant). Because, the relative investment into the vegetative vs. reproductive growth varies during the life ofa monocarpic plant (e.g. KING & ROUGHGARDEN 1982 , VAN MIERLO & VAN GROENENDAEL 1991 , OLEJNICZAK 2001 , we hypothesized that the timing of injury can change the relative investment into vegetative vs. seed reproduction.
(2) Nutrient availability. Nutrient stress may have a similar effect on the growth form of woody species as moderate disturbance (BELLINGHAM & SPARROW 2000) , i.e., nutrient stress stimulates resprouting. Perennial plants experiencing nutrient shortage form more adventitious buds on roots than plants at higher nutrient levels (MC INTYRE & HUNTER 1975 , KLIME~ & KLIME~OVA 1999 . We assumed the same relationship between nutrient availability and the ability to resprout in the short-lived monocarpic species.
(3) Severity of disturbance. Adventitious buds need to differentiate from root cells (ESAU 1965 , BURROWS 1990 ) and they often develop only after injury (PETERSON 1975) , whereas axillary buds are formed during normal plant ontogenesis and they are already present on intact plants (ESAU 1965 , HARPER 1977 . Thus, we assumed that injured plants would "prefer" resprouting from axillary buds than resprouting from adventitious buds on roots.
MATERIAL AND METHODS

Study species
Rorippapalustris (L.) BESSER (Brassicaceae) is a cosmopolitan species occurring mostly in naturally or anthropogenically disturbed habitats. This species is an annual, winter annual or short-lived perennial (JA, GER & WERNER 2002) . Its seeds germinate throughout the vegetation season. The early spring cohorts behave as annuals and the late summer cohorts show a winter annual life-history mode (SOSNOVA 2003) . More than one generation can be produced within one year.
Oenothera biennis L. and Oenothera issleri ROSTAlqSKI (Onagraceae) are non-native species in Europe, which occur mostly in naturally or anthropogenically disturbed habitats. Both species are classically mentioned as being non-clonal, monocarpic and biennial species (HALL et al. 1988 , JEHL~K 1997 . Oenothera individuals die immediately after seed production (DIETRICH et al. 1997) . Seeds of Oenothera species germinate only during the spring months (BASKIN & BASKIN 1994) .
Rorippa chamber experiment
A chamber experiment with plants of Rorippa palustris was performed in the winter of 2001/2002. The plants were grown in two standardized chambers (KLIMABOX ZVK E-008, V~ha, Kladno, Czech Republic) for a total of 12 weeks from germination. Irradiance, day and night temperatures and day and night humidities were the same in both chambers (184 I~Em'2s-1; PhAR 62 Wm -2, light -20 °C, dark -8 °C; light -70% humidity, dark -90% humidity). Treatments consisted of two day-length regimes: LONG DAY = 15 h light/9 h dark, SHORT DAY = 9 h light/15 h dark; and two nutrient levels: HIGH NPK 0.21/0.1/0.15 [g/kg of substrate]; LOW NPK 0.05/0.025/0.03 [g/kg of substrate]. The long-day treatment induced an annual life-history mode and the short-day treatment created a winter annual life-history mode in the experimental plants. Low and high nutrient levels simulated nutrient shortage and normal nutrient conditions, respectively. Thirty replicates (one replicate = one plant in a pot) were used for each combination of treatments.
After eight weeks from germination, 15 plants exposed to each combination of treatments were injured at the rosette stage. All aboveground biomass was removed along with the root crown, i.e., all axillary buds were destroyed. As only the roots were left in place, resprouting was possible only from adventitious buds on the roots.
Growth characteristics such as number of leaves, rosette diameter and the amount of removed biomass were recorded at the time of injury. The number of regenerated individuals, number of adventitious buds on roots, root and shoot biomass, number of leaves and rosette diameter were recorded four weeks after injury. Two growth characteristics were calculatedroot/shoot ratio (for injured individuals shoot biomass was calculated as the sum of removed and regenerated biomass) and the extent of regeneration (ratio of regenerated/removed biomass).
Oenothera field experiment
An experiment with natural populations of Oenothera biennis and Oenothera issleri was performed in the summer of 2001 at the railway station near (~esk6 Bud6jovice, Czech Republic (49°3'N, 14°22'E).
Treatments consisted of two types of experimental injury: (i) cutting of plants 5 cm above the root crown + defoliation (some axillary buds left in place)
(ii) cutting of plants 1 cm below root crown (all axillary buds were removed, only roots left in place).
Those treatments were applied at two life-cycle stages of the species -to vegetative rosettes and reproductive plants, respectively, and at two different phenological phases (in June and August) -to both younger and older vegetative rosettes, and to flowering and fruiting plants.
Ten replicates were used for all treatments and both species. The diameter of rosettes, number of leaves and removed biomass were recorded for the rosettes (vegetative plants) at the time of their injury. Similarly, the length of stem, basal stem diameter, number of fruits or flowers and biomass were recorded for the reproductive plants. The type of regeneration formed after injury; B -extent of regeneration expressed as a ratio of regenerated/removed biomass; C -amount of regenerated above-ground biomass after injury. CONTROL refers to individuals without injury. Low and high refer to nutrient levels. Median, quartiles and ranges are shown. For significance levels, Wald statistics, n and d.f. see Table 1 .
(from adventitious buds on roots or axillary buds on stems) and the number of regenerated individuals were evaluated four weeks after experimental injury.
Statistical analysis
All statistical analyses were done using the STATISTICA 5.5 package. Logarithmic transformation of the characteristics (biomass amounts and calculated ratios) was used. The Rorippa chamber experiment was evaluated by main effects 3-way ANOVA (effect of light regime, nutrient level and injury), 2-way ANOVA (effect of light regime and nutrient level) and simple regression in generalized linear models (Poisson or gamma distribution, log link function). Main effects 4-way ANOVA (effect of species, phenological stage, life-cycle stage and type of injury) and general customs design in generalized linear models (binomial distribution, logit link function) were used for evaluation of the Oenothera field experiment.
RESULTS
Rorippa chamber experiment
After two weeks, all injured individuals of Rorippa palustris resprouted from adventitious buds on roots in all experimental treatments of the chamber experiment (Fig. 1A , p. 11), even though the variability in the initial plant size was substantial at the time of injury. The number of new adventitious buds on roots was not related to initial plant size (rosette .f. --1, n = 120, P > 0.05). The number of new adventitious buds on roots was significantly affected only by injury (Wald statistic = 61.041, d.f. = 1, n = 120, P < 0.001), even though some adventitious buds on roots were also formed in the control treatment. The day-length regime and nutrient level did not significantly affect the formation of adventitious buds (Fig. 2 , Table 1 ). The amount of regenerated biomass was significantly affected by the day-length regime (Wald statistics = 98.43, d.f. = 1, n = 60, P < 0.001) and also by nutrient level (Wald statistics = 84.38, d.f. = 1, n = 60, P < 0.001). The amount of regenerated biomass was higher at the higher nutrient level and in the long-day light regime (Fig. 2 , Table  1 ). Nevertheless, the extent of regeneration expressed as the ratio of regenerated/removed biomass was significantly affected only by the day-length regime (Wald statistic = 8.554, d.f. = 1, n = 60, P < 0.01) (Fig. 2, Table 1 ). Rosette diameter and number of leaves were significantly affected by all factors ( Fig. 3 ). Rosette diameter measured at the time of injury was significantly affected by the nutrient level and day-length regime, but the number of leaves measured at the time of injury was affected only by the nutrient level, whereas the impact of day-length regime was non-significant (Table 1) .
Oenothera field experiment
Both species Oenothera biennis and O. issleri were able to resprout after injury from both axillary buds on stems and adventitious buds on roots equally (Fig. 1 -p. 11, Fig. 5 -p. 12) (Wald statistic = 1.68, d.f. --1, n = 160, P> 0.05).
Vegetative and reproductive plants of both species regenerated more frequently in treatments where the root crown was left in place (Wald statistic = 11.03, d.f. = 1, n = 160, P < 0.001) (Fig. 4) . When the aboveground biomass of vegetative plants (rosettes) was removed and their root crown left in place, all injured individuals regenerated (Fig. 4) . All these individuals regenerated only from axillary buds. On the contrary, not all treated reproductive plants resprouted (Fig. 4) . The ability to resprout from adventitious buds on roots (treatment where all axillary buds were removed) was found in both injured vegetative and reproductive plants, but injured vegetative plants resprouted significantly more frequently (Wald statistic = 22.26, d.f. ---1, n = 80, P < 0.001).
The number of regenerated individuals was affected by the time of injury only in reproductive plants (Wald statistic = 5.53, d.f. = 1, n = 80, P < 0.05) and only the time of injury could be used as a predictor ofresprouting probability (Wald statistic = 5.88, d.f. = 1, n = 80, P < 0.05). The ability to regenerate was lower in August (fruiting plants) than in June (flowering plants). Vegetative plants (rosettes) were not significantly affected by the time of injury.
No relationship was found between the resprouting ability and measured characteristics at the time of injury (number of rosette leaves, number of fruits and length of stems, etc.). 
DISCUSSION
We found that the studied short-lived monocarpic species are able to cope with severe disturbance by resprouting from their roots (Figs. 1, 5) . Thus, we confirm the historical studies of IRMISCH (1857), DUBARD (1903) , RAUr/(1937) etc., who described adventitious root sprouting in short-lived monocarpic species for the first time. Our results also suggest that the timing and severity of injury influence the extent of this ability, while the nutrient level have less important effect on resprouting in the studied species.
Timing of injury
Experimental conditions (short vs. long day) influenced the growth of Rorippa palustris.
Plants in the short-day treatment had prostrate rosettes with the apical meristem pushed into the ground, whereas plants cultivated in the long-day treatment had rosettes with erect leaves and aboveground apical meristem (Fig. 1) . The geophyllous growth form of plants in the short-day treatment corresponded with our observations that plants germinating under late summer conditions behave as winter annuals. This fact was supported also by higher R/S ratio in plants cultivated in the short-day treatment, because this allocation is advantageous in spring regrowth (HIROSE & KACHI 1982 , VOLENEC et al. 1991 , BUSHWAY & PRITTS 2002 . Despite these growth differences, the resprouting ability was independent of the life-history mode of experimental plants; injury was the most important factor causing an increase in the number of root buds in Rorippa palustris. The difference between plants of the same life-history mode was found only in the extent of regeneration (regenerated/removed biomass).
Plants cultivated under long-day conditions causing the annual life-history mode had more root biomass than winter annuals in our experiment, despite their lower R/S ratio. Higher root biomass may have caused more vigorous resprouting in annual plants than in winter annual plants. Aboveground biomass was probably also enhanced by more intensive compensatory photosynthesis in the long-day treatment (MEYER 1998) . It seems that injury to the plant body is more risky for plants in the winter annual life-history mode that for plant in the annual life-history mode.
The life-cycle stage and phenological stage of the treated Oenothera species had an important effect on their resprouting ability. Both vegetative and reproductive plants of Oenothera species were able to regenerate; nevertheless, vegetative plants resprouted more frequently than reproductive plants. This is in contradiction with the findings of DUBARD (1903) and RAUH (1937) , who reported successful resprouting of Oenothera biennis only in the rosette stage and of the biennials Alliaria officinalis and Bryonia dioica only at the end of the first growing season. This pattern ofresprouting ability throughout the life ofmonocarpic species can be interpreted as a consequence of accumulation of reserve assimilates during the vegetative phase and of their depletion during the reproductive phase of the life cycle (DUBARD 1903 , CHAPIN et al. 1990 ). Nevertheless, this allocation cannot be seen as a single switch of investment into vegetative and reproductive growth, but we can rather expect graded allocation as it was proposed earlier in trade-off models ofmonocarpic plants (KING & ROUGHGARDEN 1982 , KUDOH et al. 2002 ).
Nutrient' availability
Nutrient level did not significantly affect the number of adventitious buds in our experiment. Plants at low nutrient level showed only a slight tendency to produce more adventitious buds on their roots than did plants at high nutrient level. These results were probably caused by the short duration of our experiment (8 weeks), because in another longer experiment (6 months) with Rorippapalustris, we found a significantly higher number of root buds in the nutrient stress treatment (MARTiNKOVA et al., in press).
Severity of disturbance
As we expected, both Oenothera species definitely preferred resprouting from axillary buds, when at least only one axillary bud was still present. The growth of adventitious shoots from buds on roots was probably more energy demanding and resprouting from roots required a longer time. Alternatively, the presence of axillary buds could prevent adventitious root-sprouting in Oenothera species, because correlative inhibition of root buds can be broken by removal of the present leaves and apical or axillary buds (HORVATH 1998 (HORVATH , 1999 .
Disturbance to plant body is a crucial event that may considerably influence the plant's future. In the case of short-lived monocarpic species with the ability to resprout from roots, the effect of disturbance is serious but not lethal. Even though the ability is influenced by many factors (e.g. nutrient level, timing of injury), root-sprouting species are still favoured over injured species without this ability. Species forming a bud bank on roots are able to compensate for the loss of all aboveground biomass by vegetative regeneration, and do not only rely on regeneration from seeds. Consequently, population extinction in root-sprouting species may be less probable than in other populations due to a higher survival of individuals with ability of root-sprouting.
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Fig. 1. Vegetative regeneration (resprouting) from adventitious buds on roots after experimental injury in
Rorippa palustris (A) and Oenothera issleri (B) . Different growth forms of non-injured plants of Rorippa palustris in annual and winter annual life-history mode (C) -ground level is shown. 
